In this paper, a new elevator operation reliability evaluation model based on the combination of Gray Relational Analysis (GRA) and Analytic Hierarchy Process (AHP) is proposed. In order to further overcome the shortage of indicators of equal rights and the lack of expert assignment via the original gray relational analysis method, AHP is used in this paper to determine the weight of each indicator in the proposed model, then GRA is used to get all indicators' gray relational degree between their current state and optimal state. The gray relational matrix is established and a quantitative assessment of elevator risk is achieved in the model. Finally, an example is used to show that the accuracy and feasibility of the proposed model.
Introduction
According to the statistics of the National Quality Inspection Bureau [1] , the number of elevators in China has exceeded 200 million, and more than 400 million people take elevators every day. Therefore, the insurance of the safe operation of the elevator is indeed a big challenge for the elevator safety management [2] .
In this paper, the elevator is regarded as a gray system. According to the analysis of the gray correlation degree between the indicators' current states and perfect states from four aspects of the Capsules system, traction system, door system and drive system, the main factors that affect the safety of the elevator can be obtained, and then each indicator's weight can be obtained using AHP method. Finally, the safety level of the elevator will be determined by analyzing the weighted gray relational degree of indicators.
Evaluation Index System of Elevator Safety System
The selected indicators should have the characteristics of reliability, sensitivity, independence and practicability. According to the above principles and the elevator technical standards [12] , based on the study of the elevator safety by Xu J. [10] and Li L. [11] , this paper constructs the evaluation index system of the elevator's car subsystem, traction system, door system and driving system , which is shown in Figure 1 . In this paper, the indicators are recorded as 17 ,..., 2 , 1 ),
Safety Evaluation based on GRA

Gray Relational Analysis
The gray system theory was put forward in the early 1980s. Cao S.
[13] uses the GRA method to evaluate the coal mine safety. M.Lu and K.Wevers [14] use the GRA method to [15] study the effectiveness of the weapon system based on the GRA method. The steps to obtain the gray correlation coefficient is as follows.
1) Determining the reference sequence and comparison sequence The reference sequence that reflects the characteristics of the system is recorded as
. Supposing the number of comparison sequences is m and the number of indicators of each sequence is n. These comparison sequences are recorded as
1) Dimensionless treatment of the initial data
In order to make the data comparable, it is necessary to eliminate their dimension. In this paper, interval valued transformation method is used to process the data. The formula is as follows.
2) Obtaining the difference order
where K is the data sequence of the i-th influencing factor. 3) Obtaining the largest difference and the smallest difference
Obtaining the correlation coefficient between the k-th element and X0(X1). 
where  is the identification coefficient, whose value interval is [0,1]. According to the study of different elevator cases, we obtain the most suitable identification coefficient is 0.5, that is,
Analytic Hierarchy Process
AHP [17] combines the qualitative and quantitative analysis. It constructs a hierarchical structure model and decomposed each influencing factor into several levels. Then it compares the effects of the indicators of the same level on the upper level's indicators with each other , and construct the judgment matrix. Then the largest characteristic root of the judgment matrix and the corresponding characteristic vector is solved and the weights of indicators are calculated. Finally, the judgment matrix will be test for its consistency. If the test is not passed, the judgment matrix needs to be readjusted.
In this paper, the judgment matrix is constructed according to the 1-9 scale method. The car system, the traction system, the door system and the drag system is taken as an example to obtain their weights for the importance of the elevator safety. Table 1 . Meaning of 1-9 scale method Scaling Meaning 1
Two factors have the same importance. 3 The former factor is slightly more important than the latter. 5
The former factor is generally more important than the latter. 7
The former factor is more important than the latter. 9
The former factor is much more important than the latter. 2, 4, 6, 8
The median of the above adjacent comparisons. The reciprocal of 1, 2, …,9
The importance of the latter factor relative to the former. 1) Then the most reasonable judgment matrix A is obtained according to the 1-9 scale method. The matrix A is shown as follows. 3) The inspection coefficient CR of the judgment matrix is calculated according to the formula(6). If CR<0.1 can be satisfied, it means the matrix A has a satisfactory consistency. Otherwise, it is necessary to readjust the judgment matrix. The inspection coefficient CR of the matrix is calculated as follows.
where n is the dimension of the matrix, RI is the mean. random consistency index. Table 2 shows how to obtain their values. The inspection coefficient of the judgment matrix A is calculated as follows.
It can be seen that the matrix A has satisfactory consistency. 4) After the normalization of max  , the weights of the four systems can be obtained as follows.
The Calculation of Gray Correlation Degree based on Weight
The correlation coefficient is the correlation degree between the comparison sequence and the reference sequence at each point and the number of it is more than one. In order to make an overall comparison, it is necessary to concentrate the correlation coefficients of each point into a single value, that is, their average. The weighted correlation degree is calculated as follows.
where k w is the weight of the k-th evaluation index. According to the comparison and analysis of the indicators' correlation degree, the safety evaluation of the elevator can be carried out. In general, the greater the correlation degree is, the better safety condition the elevator is in. Then a more objective and comprehensive evaluation on the safety condition of each elevator can be conducted, which provides a good foundation for the future elevator safety management.
Case Analysis
Three low-speed passenger elevators in a building in Nanjing are taken as examples. The indicators' values of the three elevators are measured and the classification of the indicators is shown in Figure 1 . Then the weight of each index is calculated according to AHP method. Because of space limitations, the results are listed directly, and the calculation results of the weights and the measured values of the three elevators' indicators are integrated in Table 3 . The last column of the table is the optimal value of each index of the elevator.
Determination of the Reference Sequence and the Comparison Sequence
As can be seen from 
Dimensionless Treatment of the Data
According to the formula (1), the dimensionless treatment of the four types of data in the matrix X can be completed. The results are obtained as follows. 
Getting the Difference Order According to the Formula (2) and (3)
The calculated results are as follows. 
Safety Assessment and Analysis
Taking the content of Jiangsu Province elevator safety assessment as the standard, the gray correlation degree is divided into five levels, which is shown in Table 4 . Table 4 . Classification and assessment conclusion of elevator safety levels Elevator safety level A B C D E Conclusion of the correlation degree assessment
Very good good general attention serious
Primary Safety Assessment
The correlation coefficient matrix of the four subsets is calculated according to the formula (5). The results are as follows. It can be seen from Table 3 that the weight of each index in car system is as follows. According to the formula (7) , the correctional degree of the car system indicators is obtained as
The primary evaluation can be carried out. According to Table 4 , it can be seen that the safety status of the car system of the three elevators is "attention". The order of the correlation degree of them is
, that is, the order of their car systems' safety status from high to low is "A, C, B". The same procedure can be easily adapted to obtain the correctional degree of the traction system indicators. The result is shown as
According to Table 4 , it can be seen that the safety status of the traction system of the three elevators is "good". The order of correlation degree of them is
, that is, the order of their traction systems' safety status from high to low is "A, C, B".
The correctional degree of the door system indicators is
According to Table 4 , it can be seen that the safety status of the door system of the elevator A is "very good" and that of elevator B is "good" and that of elevator C is "general". The order of correlation degree of them is, that is, the order of their door systems' safety status from high to low is "A, B, C".
The correctional degree of the driving system index is
According to Table 4 , it can be seen that the safety status of the driving system of the elevator A is "general" and that of elevator B and C is "good". The order of correlation degree of them is "
", that is, the order of their driving systems' safety status from high to low is "B,C, A". Based on the above evaluation results, it is possible to perform a reasonable safety treatment for each system of the elevators.
Secondary Safety Evaluation
It can be seen from the primary evaluation that there may be both the best and the worst status parts in the same elevator, which is difficult to reflect the overall safety of the elevator. Therefore, we carry out the secondary comprehensive evaluation of the whole elevator system. According to Table 3 Table 4 , it can be seen that the overall evaluation result of the elevator A is "very good" and that of the elevator B is "good" and that of the elevator C is "general". The order of correlation degree of these three elevators is "
", that is, the order of their safety status from high to low is "A, B, C". What's more, the correlation degree of the elevator C is 0.6969, which shows that the safety work should be intensified to detect and eliminate the hidden dangers in the elevator C. The safety conditions of the three elevators' car systems are all "attention", which shows we should take the appropriate measures for the weak link of them. The safety status of the driving system of the elevator A and that of the door system of the elevator C is "general", which shows they also should be checked for safety.
Above evaluation results are consistent with the actual situation, which reflects that the elevator evaluation model proposed in this paper based on the gray relational analysis is scientific and practical.
Conclusion
In this paper, in order to meet the need of the elevator testing and safety inspection, the car system, traction system, door system and driving system is selected as the first-class indicators to establish the elevator safety evaluation system and the evaluation model based on GRA theory.
The essence of the gray relational analysis is quantitatively calculating the correlation degree between each comparison sequence and reference sequence. In this method, a big sample size and a typical distribution of the sample is not necessary, which makes up for the lack of the mathematical statistical methods and overcomes the defects that there are too many qualitative indicators in the fuzzy comprehensive evaluation method. In addition, this method does not have a large amount of calculation, which is an intuitive and reliable evaluation method.
